The aim of this paper is to study the effects of laser peening (LP) on the residual stress distribution and microstructure evolution of AA 6061-T6 under different temperatures. A laser peening experiment was conducted on the square-shape samples by using single spot and 50% overlap shock. Three-dimensional surface morphologies of treated samples were observed. The influence of peening temperature on the distribution of compressive residual stress was analyzed. An optical microscope (OM) and a transmission electron microscope (TEM) were employed to observe the microstructure evolution of the samples before and after LP. The results indicate that, as the peening temperature increases, the micro-hardness increases first and then decreases. The LP process induces high-amplitude compressive residual stress on the surface at different temperatures even if the compressive residual stress slightly reduces with increases in temperature. The maximum compressive residual stress affected layer depth is about 0.67 mm, appearing at a temperature of 160 • C. The OM test revealed that the grain size was significantly decreased after warm laser peening (WLP) and that the average value of grain size was reduced by 50%. The TEM test shows that more dislocation tangles were produced in AA 6061-T6 after WLP; compared to the LP process, the precipitate-dislocation interaction can benefit both strength and ductility for AA 6061-T6, thus enhancing the mechanical properties of the material.
Introduction
AA 6061-T6 is an Al-Mg-Si-Cu alloy which is widely used in aerospace industry, ship manufacturing, and rail truck fields due to its high strength, good plasticity, and good performance in weldability and corrosion resistance. However, it has been found that micro cracks are likely to occur on the AA 6061-T6 surface at a specific strain rate and service temperature, resulting in fatigue failure [1] . Hence, the need to employ new technology to improve the mechanical properties, in particular the surface performance, and prolong the fatigue life of AA 6061-T6 alloy parts is worth the necessary attention.
LP utilizes a high-intensity laser pulse on the metal surface, which is covered by an absorbing layer (black tape or aluminum foil) and a confining layer (water or glass), respectively. A laser pulse passes through the confining layer and hits the target surface, which is immediately vaporized and forms the plasma. The resulting plasma is confined by the confining layer and generates an extremely high amplitude of pressure of several GPa. As the peak pressure exceeds the dynamic yield strength of the material, the shock wave induces plastic deformation on the surface and generates compressive residual stress on the surface of the metal. The LP process can refine the grain size and thus improve the abrasion resistance, corrosion resistance, fatigue performance, and other mechanical properties [2] . Rubio-González et al. [3] found that LP-treated AA 6061-T6 specimens received an increment of 15% in fracture toughness compared with the untreated material. Such fatigue benefit is probably derived from the induced compressive residual stress by LP [4] . This conclusion is further verified by Irizalp's group [5] . Their research also revealed that the enlarged stacking fault ribbon, the new-formed deformation twins, and the increased twin boundary in the LP-treated AA 6061-T6 alloy may aid in the enhancement of both strength and high ductility [6] . Our research group has conducted many works that have focused on the effects of LP treatment on the fatigue behaviour of AA 6061-T6, including fracture morphologies [7] , fatigue crack growth properties [8, 9] , and fracture microstructure evolution [10] . The results showed that LP is an effective surface treatment technique that can induce beneficial compressive residual stress and microstructures, such as a high density of dislocation, mechanical twins, and refined grains, which eventually retards fatigue crack growth. However, LP-induced beneficial effects on fatigue properties have shown to be released at high temperature and cycle loading, consequently limiting its application [11] [12] [13] .
To solve this problem, Liao's group [14, 15] proposed so-called warm laser peening (WLP) technology. They would pre-heat the treated specimens at a certain temperature first and meanwhile perform the LP process on the warmed specimens. WLP combines the advantages of LP and dynamic strain aging (DSA) and produces extremely higher dislocation density and better thermal stability due to the dislocations by pinning "Cottrell Clouds". Our previous research verified WLP as an effective process to maintain more stable compressive residual stress on the surface of a treated Ti-6Al-4V alloy, resulting in better fatigue performance [16] . From the micro aspect, Ye's group observed some nanoscale precipitates in the WLP-treated AA 6061-T6 [17] , and it is preliminary believed that these ultra-high-density nano-precipitates greatly improve the dislocation accumulation capacity and effectively increase the ductility of metals [18] . However, more convincing evidence and scientific data are required to validate the effectiveness of the WLP process on the surface properties.
In this work, the effects of LP temperatures on the micro morphologies and micro hardness were investigated. The residual stress was identified before and after the LP process at various temperatures, while the microstructures were also observed by the TEM method. The related strengthening mechanism of the WLP process on AA 6061-T6 was analyzed from both macro and micro aspects.
Materials and Experimental Procedure

Material and Specimen
AA 6061-T6 was selected in this work. Its chemical composition (wt. %) is as follows: 0.90Mg, 0.62Si, 0.33Fe, 0.28Cu, 0.17Cr, 0.06Mn, 0.02Ti, and 0.02Zn, and the rest is Al. The mechanical properties are as follows: σ b = 356 MPa, σ 0.2 = 299 MPa, δ = 13.5%, E = 72.4 GPa, ρ = 2672 kg/m 3 , and ν = 0.33.
Rectangular specimens with dimensions of 50 mm × 15 mm × 2 mm were employed. Both single spot peening and swept peening were conducted in the study, and the processing schematic is shown in Figure 1 . All the specimens were polished by SiC papers with different grades (from 240# to 1000#), followed by ethanol ultrasonic cleaning before LP. 
The WLP and LP Processes
WLP and LP treatment were both performed by a Q-switched Nd:YAG laser system operating at a 5 Hz repetition rate with a wavelength of 1064 nm and a pulse duration of 9 ns in fwhm. The spot diameter was 2 mm and the spot overlapping rate was 50%. The laser pulse energy used was 2 J. We utilized a self-developed heating device to achieve four different temperatures (25 °C, 100 °C, 130 °C, and 160 °C) for LP treatment. A special heat-resistant black adhesive tape was adopted as an absorbing layer, while the BK9 glass was used as the confining layer, as shown in Figure 2 . 
Three-Dimensional Morphologies and Microstructure Observation
The single spot treated specimens were observed by Zeiss-Axio CSM 700 confocal microscopy (Carl Zeiss, Oberkochen, Germany). The influence of LP temperatures on the plastic deforming layer was analyzed from the three-dimensional morphologies. LEICA DFC420 optical microscopy (Leica, Solms, Germany) was used to study the grain size evolution in the treated region. The final microstructural details of LP-treated specimens were ascertained from TEM (JEM-2100, JEOL USA, Inc., Pleasanton, CA, USA) images at a voltage of 200 kV. For the TEM foil preparation, firstly, the sectioned specimen was grinded to a thickness of 150 μm via two-side grinding. Then, the discs for TEM analysis were prepared by cutting (φ3 mm), planar grinding (70 μm), and a final concave dimple grinding (20 μm). The final ion thinning was carried out via ion polishing (Gatan 691 PIPS, Gatan, Pleasanton, CA, USA) under an energy of 5 keV, and a small angle of incidence of nearly 4°.
Measurements of Compressive Residual Stress and Microhardness
In this study, compressive residual stress on the LP-treated surface and its in-depth were both detected by X-ray diffraction with the sin2ψ method. An X-ray tube with a chrome anode operated 
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Three-Dimensional Morphologies and Microstructure Observation
The single spot treated specimens were observed by Zeiss-Axio CSM 700 confocal microscopy (Carl Zeiss, Oberkochen, Germany). The influence of LP temperatures on the plastic deforming layer was analyzed from the three-dimensional morphologies. LEICA DFC420 optical microscopy (Leica, Solms, Germany) was used to study the grain size evolution in the treated region. The final microstructural details of LP-treated specimens were ascertained from TEM (JEM-2100, JEOL USA, Inc., Pleasanton, CA, USA) images at a voltage of 200 kV. For the TEM foil preparation, firstly, the sectioned specimen was grinded to a thickness of 150 µm via two-side grinding. Then, the discs for TEM analysis were prepared by cutting (φ3 mm), planar grinding (70 µm), and a final concave dimple grinding (20 µm). The final ion thinning was carried out via ion polishing (Gatan 691 PIPS, Gatan, Pleasanton, CA, USA) under an energy of 5 keV, and a small angle of incidence of nearly 4 • .
Measurements of Compressive Residual Stress and Microhardness
In this study, compressive residual stress on the LP-treated surface and its in-depth were both detected by X-ray diffraction with the sin2ψ method. An X-ray tube with a chrome anode operated at 20 kV was used. The X-ray beam diameter was about 1 mm. The X-ray source was a Cr-Kα ray. The feed angle of the ladder scanning was 0.1 • s −1 . The scanning starting angle and terminating angle were 150 • and 138 • , respectively. Measurement points were selected on the surface with equal distance (0.5 mm) in the LP regions parallel to the laser swept direction as shown in Figure 1 . An XF-1 electrolytic polishing machine (Shenzhen RPE Co., LTD, Shenzhen, China) was used to remove the material layer by layer. The residual stress value in-depth direction was detected on each layer. The microhardness of the treated surface at different temperatures was tested by a Vickers micro-hardness tester (HXD-1000TM, Shanghai Optical Instrument Factory, Shanghai, China) with a load of 200 gf and a holding time of 10 s.
Results and Discussion
Effects of Temperature on Three-Dimensional Morphologies
The three-dimensional morphologies of LP-treated specimens at different temperatures are shown in Figure 3 . LP-produced circle-shape dents are observed in all cases. The diameter of the plastic deforming dent is a little less than the laser spot. Due to the Gaussian distribution of the laser, the maximum deforming area locates in the spot center, and the deforming level gradually reduces away from the center region. From Figure 2 , it can be seen that the depth of the single-spot-dent are 48.6 µm, 58.8 µm, 67.3 µm, and 73.4 µm at temperatures of 25 • C, 100 • C, 130 • C, and 160 • C, while the diameters are 1482.0 µm, 1519.8 µm, 1626.0 µm, and 1711.1 µm, respectively. This indicates that the diameter and the depth of the dents increase with an increment in LP temperature. We can infer that the thermal effect softened the AA 6061-T6, and the thermal-mechanical interaction induced by LP further aggravates the plastic deformation. In addition, as the temperature increases, the increment of dent depth and diameter reduces. For instance, the increment of the dent depth and the diameter are 14.5% and 7.0%, respectively, from 100 • C to 130 • C, while the values decrease to 9.0% and 5.2%, respectively, from 130 • C to 160 • C. This indicates that further deformation becomes harder even if temperature rises. at 20 kV was used. The X-ray beam diameter was about 1 mm. The X-ray source was a Cr-Kα ray. The feed angle of the ladder scanning was 0.1° s −1 . The scanning starting angle and terminating angle were 150° and 138°, respectively. Measurement points were selected on the surface with equal distance (0.5 mm) in the LP regions parallel to the laser swept direction as shown in Figure 1 . An XF-1 electrolytic polishing machine (Shenzhen RPE Co., LTD, Shenzhen, China) was used to remove the material layer by layer. The residual stress value in-depth direction was detected on each layer. The microhardness of the treated surface at different temperatures was tested by a Vickers micro-hardness tester (HXD-1000TM, Shanghai Optical Instrument Factory, Shanghai, China) with a load of 200 gf and a holding time of 10 s.
Results and Discussion
Effects of Temperature on Three-Dimensional Morphologies
The three-dimensional morphologies of LP-treated specimens at different temperatures are shown in Figure 3 . LP-produced circle-shape dents are observed in all cases. The diameter of the plastic deforming dent is a little less than the laser spot. Due to the Gaussian distribution of the laser, the maximum deforming area locates in the spot center, and the deforming level gradually reduces away from the center region. From Figure 2 , it can be seen that the depth of the single-spot-dent are 48.6 μm, 58.8 μm, 67.3 μm, and 73.4 μm at temperatures of 25 °C, 100 °C, 130 °C, and 160 °C, while the diameters are 1482.0 μm, 1519.8 μm, 1626.0 μm, and 1711.1 μm, respectively. This indicates that the diameter and the depth of the dents increase with an increment in LP temperature. We can infer that the thermal effect softened the AA 6061-T6, and the thermal-mechanical interaction induced by LP further aggravates the plastic deformation. In addition, as the temperature increases, the increment of dent depth and diameter reduces. For instance, the increment of the dent depth and the diameter are 14.5% and 7.0%, respectively, from 100 °C to 130 °C, while the values decrease to 9.0% and 5.2%, respectively, from 130 °C to 160 °C. This indicates that further deformation becomes harder even if temperature rises. 
Residual Stress Distribution
The surface residual stress distribution at different temperatures is shown in Figure 4 . It is noted that the compressive residual stress fluctuates with minor amplitude on the treated surface. The average compressive residual stress of specimens at the temperatures of 25 • C, 100 • C, 130 • C, and 160 • C are 232 MPa, 221 MPa, 207 MPa, and 200 MPa, respectively. When compared with 25 • C, the residual stresses are slightly decreased by 4.7%, 10.8%, and 13.8%, respectively at the temperatures of 100 • C, 130 • C, and 160 • C. This indicates that, in our study, the surface compressive residual stress induced by WLSP slightly decreases with increases in temperature.
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where E is elasticity modulus, k and b is constant, pmax is peak pressure of laser shock, x is the depth along shock wave path, α is 0.10-0.15, Z is acoustic impedance, I0 is laser power indensity, and ν is Poisson's ratio. When considering temperature T, we introduce an equation regarding T and E [20] :
where E0 is the initial elasticity modulus, and k′ is the thermal coefficient of expansion. Combining Equations (1) 
From Equation (3), compressive residual stress δx, δy are reduced by the increase in temperature. Juijerm's study shows that, during the plastic deformation process of AA 5083, high temperature leads to a much lower magnitude of compressive residual stress compared with room temperature, The compressive residual stress induced by LP can be described by [19] 
where E is elasticity modulus, k and b is constant, p max is peak pressure of laser shock, x is the depth along shock wave path, α is 0.10-0.15, Z is acoustic impedance, I 0 is laser power indensity, and ν is Poisson's ratio. When considering temperature T, we introduce an equation regarding T and E [20] :
where E 0 is the initial elasticity modulus, and k is the thermal coefficient of expansion. Combining Equations (1) and (2), compressive residual stress can be obtained:
From Equation (3), compressive residual stress δ x , δ y are reduced by the increase in temperature. Juijerm's study shows that, during the plastic deformation process of AA 5083, high temperature leads to a much lower magnitude of compressive residual stress compared with room temperature, which is consistent with our study [21] . However, Ye et al. claimed that WLP generates a higher magnitude of compressive residual stress than RT-LP for AA 7075 due to its effects on surface dislocation arrangement [18] . In fact, the generation mechanism of compressive residual stress on the aluminum alloy under high temperature is extremely complex. The interaction of plastic strain, stress recovery, Metals 2016, 6, 292 6 of 10 and thermal field results in the production of a final compressive residual stress. To sum up, which influence factor dominates varies in different material systems and processes. Obviously, the stress recovery dominates in our study. Figure 5 shows the residual stress distribution in the depth direction at different temperatures.
which is consistent with our study [21] . However, Ye et al. claimed that WLP generates a higher magnitude of compressive residual stress than RT-LP for AA 7075 due to its effects on surface dislocation arrangement [18] . In fact, the generation mechanism of compressive residual stress on the aluminum alloy under high temperature is extremely complex. The interaction of plastic strain, stress recovery, and thermal field results in the production of a final compressive residual stress. To sum up, which influence factor dominates varies in different material systems and processes. Obviously, the stress recovery dominates in our study. Figure 5 shows the residual stress distribution in the depth direction at different temperatures. When we compare the magnitude of residual stress at the same depth, it can be found that, near the surface (0, 0.1, and 0.2 mm deep), LP-treated specimens with a lower temperature achieve a higher compressive residual stress. However, from the depth of 0.3 mm, the test point at a higher temperature achieves higher compressive residual stress. For instance, when a depth of 0.3 mm is achieved, the temperature of 130 °C achieves the highest value of −50 MPa. Another interesting result is that the depth of the residual stress affected layer is 0.35 mm at 25 °C, while this value increases to 0.67 mm at 160 °C. Therefore, it can be concluded that, in this study, although the compressive residual stress slightly decreases with increases in LP temperature near the surface, the elevated temperature is still an effective factor that helps the LP process produce higher and deeper compressive residual stress in the depth direction, which may enhance the stress stability at a severe working condition. According to Nikitin's study, deeper residual stress is beneficial for inhibiting the initiation and propagation of fatigue crack, resulting in a longer fatigue life [22] .
Microhardness
The LP experiment was carried out from 25 °C to 160 °C. As shown in Figure 6 , material hardness increases gradually as temperature increases. The maximum hardness increased by 56.4%, appearing at the temperature of 130 °C. Furthermore, the WLP-treated specimens achieve higher microhardness compared with the LP process. This surface hardening phenomenon is attributed to both the strain hardening effect through the surface plastic deformation and the precipitation hardening effect through the generation of second phase nano-precipitates at an elevated temperature. However, there is a significant drop in hardness when the temperature reaches 130 °C. It can be concluded that 130 °C is the optimal temperature for the WLP of AA 6061-T6 from the perspective of precipitate strengthening. This is well consistent with Ye's conclusion [18] . It is concluded that, for a specific metal, an optimal temperature exists, if the WLP temperature exceeds the optimal one, the strengthening effect will decrease. When we compare the magnitude of residual stress at the same depth, it can be found that, near the surface (0, 0.1, and 0.2 mm deep), LP-treated specimens with a lower temperature achieve a higher compressive residual stress. However, from the depth of 0.3 mm, the test point at a higher temperature achieves higher compressive residual stress. For instance, when a depth of 0.3 mm is achieved, the temperature of 130 • C achieves the highest value of −50 MPa. Another interesting result is that the depth of the residual stress affected layer is 0.35 mm at 25 • C, while this value increases to 0.67 mm at 160 • C. Therefore, it can be concluded that, in this study, although the compressive residual stress slightly decreases with increases in LP temperature near the surface, the elevated temperature is still an effective factor that helps the LP process produce higher and deeper compressive residual stress in the depth direction, which may enhance the stress stability at a severe working condition. According to Nikitin's study, deeper residual stress is beneficial for inhibiting the initiation and propagation of fatigue crack, resulting in a longer fatigue life [22] .
The LP experiment was carried out from 25 • C to 160 • C. As shown in Figure 6 , material hardness increases gradually as temperature increases. The maximum hardness increased by 56.4%, appearing at the temperature of 130 • C. Furthermore, the WLP-treated specimens achieve higher microhardness compared with the LP process. This surface hardening phenomenon is attributed to both the strain hardening effect through the surface plastic deformation and the precipitation hardening effect through the generation of second phase nano-precipitates at an elevated temperature. However, there is a significant drop in hardness when the temperature reaches 130 • C. It can be concluded that 130 • C is the optimal temperature for the WLP of AA 6061-T6 from the perspective of precipitate strengthening. This is well consistent with Ye's conclusion [18] . It is concluded that, for a specific metal, an optimal temperature exists, if the WLP temperature exceeds the optimal one, the strengthening effect will decrease. Metals 2016, 6, 292 7 of 11 Figure 6 . Microhardness distribution at different temperatures. The grain size of the untreated sample (Figure 7a ) is markedly larger than the treated samples (Figure 7b-d) . The average size of the grains in Figure 6a is about 200 um, and this value decreases to 150 um and 100 um in Figure 7b ,c. As we have discussed before, LP-induced dislocations are activated by the high temperature input and move freely. However, the high temperature promotes the phases precipitating, which block the movement of dislocations. As a result, the dislocation walls and cells are formed. At this time, edge dislocations gather at the cell walls, so the cell walls become thinner and clear sub-grain boundaries gradually form. Dislocation walls of polygonization constitute small-angle sub-grain boundaries, dividing the original crystal into many sub-grains, and finally refine the grains [16] . Previous research has well proved that grain refinement induced by plastic strain in metals is of great help in enhancing surface properties. In particular, the compacted surface may inhibit the propagation of fatigue crack and thus enhance the fatigue life of service parts in some severe conditions [2] [3] [4] . However, the grain refinement will be weakened as the depth increases. In Figure 7c ,d, an obvious boundary that divided the refining area and the matrix was found. This phenomenon complies well with the detection result of the compressive residual stress in depth. However, for the anti-fatigue research, we are more likely to concern the surface microstructure. To further understand the strengthening mechanism of WLP, TEM morphologies are provided in Figure 8 . The grain size of the untreated sample (Figure 7a ) is markedly larger than the treated samples (Figure 7b-d) . The average size of the grains in Figure 6a is about 200 um, and this value decreases to 150 um and 100 um in Figure 7b ,c. As we have discussed before, LP-induced dislocations are activated by the high temperature input and move freely. However, the high temperature promotes the phases precipitating, which block the movement of dislocations. As a result, the dislocation walls and cells are formed. At this time, edge dislocations gather at the cell walls, so the cell walls become thinner and clear sub-grain boundaries gradually form. Dislocation walls of polygonization constitute small-angle sub-grain boundaries, dividing the original crystal into many sub-grains, and finally refine the grains [16] . Previous research has well proved that grain refinement induced by plastic strain in metals is of great help in enhancing surface properties. In particular, the compacted surface may inhibit the propagation of fatigue crack and thus enhance the fatigue life of service parts in some severe conditions [2] [3] [4] . However, the grain refinement will be weakened as the depth increases. In Figure 7c ,d, an obvious boundary that divided the refining area and the matrix was found. This phenomenon complies well with the detection result of the compressive residual stress in depth. However, for the anti-fatigue research, we are more likely to concern the surface microstructure.
Microstructure
To further understand the strengthening mechanism of WLP, TEM morphologies are provided in Figure 8 . To further understand the strengthening mechanism of WLP, TEM morphologies are provided in Figure 8 . It is noted that there is no dislocation distribution in the substrate (Figure 8a ), but some precipitates are observed on the substrate surface, which may have been produced during the manufacturing process. By comparison, the LP/WLP-treated specimens exhibit plenty of dislocations, as can be seen in Figure 8b ,c. In particular, a higher density of dislocations was observed when they were treated at high temperatures, as shown in Figure 8c . During the WLP process, many potential nucleation sites were formed near the new generated dislocations. On the other hand, at the DSA temperature, the solute atoms (Mg, Zn, etc.) have high mobility and efficiently diffuse and migrate to the dislocation cores. As a result, the solute atoms aggregate near the dislocation cores, which act as potential nucleation sites for the precipitates to grow, leading to more efficient dynamic precipitation. It is clear in Figure 8c that dislocations and precipitates are tangled with each other. The highly tangled precipitate-dislocation interactions have relatively higher stability compared to dislocation structures without precipitates due to the beneficial pinning effect imposed by the precipitate particles. Ye's group employed HR-TEM to reveal that the precipitate particle is surrounded by high-density dislocations [18] . During plastic deformation, precipitate particles exert a pinning force to the dislocations nearby and thus increase the dislocation accumulation capacity. It is well known that high dislocation accumulation capacity is useful in enhancing material ductility. Hence, the precipitate-dislocation interaction can benefit both strength and ductility, this conclusion is also verified by Zhao [23] and Cheng [24] . To sum up, the WLP process induces more highly tangled strengthening phases and microstructures and makes a major contribution in terms of enhanced surface strength and improved residual stress stability.
Conclusions
In this study, the effects of LP on AA6061-T6 surface integrity were investigated. Some important conclusions made are as follows:
(1) LP induces high-magnitude compressive residual stress on the surface of a treated specimen at room and elevated temperatures even if the value of the stress slightly decreases with increases in temperature. (2) High temperatures assist LP in producing higher and deeper compressive residual stress in the depth direction, which may contribute to the stability of the induced residual stress and thus improve the component's life cycle. (3) LP at high temperatures was shown to have a significant effect on refining the grains' size, which may benefit the surface properties. (4) The precipitate-dislocation interaction during the WLP process may be a potential factor in improving the fatigue property of AA 6061-T6 parts under some severe service conditions.
